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Flight has long been a dream of humanity. Lessthan a century after the Wright Brothers first
redlized their dream in 1903, we are about to redize an equdly sgnificant accomplishment: the
permanent habitation of space on board the Internationa Space Station (1SS).

Fifteen nations are working together to congtruct, operate, and utilize the ISS, an orbiting space
laboratory with capabilities that surpass space research platforms past and present. Supporting
acrew of seven, the ISS will accommodate a broad range of biomedical, physical science,
technology, Earth science, and space science experiments.

The International Space Station represents the next step in the long-range plans of many of the
world' s space agencies. permanent human habitation in space and long-duration exploratory
missionsinto the solar system and beyond. Before these god's can be fully achieved, a number
of biomedicd and technologica chalenges must first be overcome. While biomedicd scientists
have been working on a number of these questions since the inception of the space program,
others have cometo light recently or may not arise until the ISSis occupied. In order to put
these challengesinto historical perspective, this chapter begins with an overview of the
chdlenges and visons of spaceflight and space medicine pioneers.

THE ORIGINS OF ROCKETRY

The roots of spaceflight can be traced back to the beginning of rocketry over 2000 years ago
with the invention of gunpowder in China. By the time of Ghengis Khan's reign, gunpowder in
the form of firecrackers and crude rockets had become an integra part of Chinese village
defense.

Eventudly, travelers and explorers introduced gunpowder and rocketry to Europe, and visions
of gpace travel soon followed. 1n the mid-1600s, French author Cyrano de Bergerac not only
wrote about space travel, but also suggested severd methods of achieving it. Hisworks
Histoire comique des etats et empires de La Lune and Histoire comique des etats et
empires du Soleil sketched different gpproachesto interplanetary travel. Some were dightly
farfetched—one ideainvolved tying bottles filled with dew to atravder and then waiting for the
dew’ s evaporation to carry the traveler upwards—but others approximated 20™ century redlity.
One of de Bergerac' s travelers reached the Moon viarocket thrust; De Bergerac dso
described the use of parachutes for return from space travel.



In the 19" century, the progress and modernization of the Industrid Revolution, aswell as
Schigpardli’sand Perceiva Lowd |’ s announcements of “cands’ on Mars, catdyzed a spate of
new space exploration fiction. JulesVerne' s 1865 novel From the Earth to the Moon sent
travelers to the Moon on board arocket launched from the Horida coast. Thirty years later,
H.G. Wells The War of the Worlds brought invading Martians to Earth and festured a
perspective on space exploration: the clash of ecosystems.

Rockets with modern military uses emerged in the 19" century. William Cosgrove's rockets
were used in both the English war with France and the War of 1812. These rockets were
three-feet long and liquid fueled, and could launch a 24-pound missile from land or seawith
one-mile accuracy. Although more accurate wegpons temporarily replaced rocketsin military
arsendss, the whaling and shipping industries adapted the rocket for other uses, including the
rocket-launched harpoon.

At the beginning of the 20™ century, three men working aong paralld paths laid the groundwork
for modern rocketry: Kongtantin Tsolkovsky in Russia, Hermann Oberth in Germany, and
Robert Goddard in the United States. 1n 1903, Tsolkovsky, the “Father of Cosmonautics,”
presented in mathematica terms the velocity arocket would need to escape Earth’ s gravity. In
later papers, Tsolkovsky described the use of rockets for launching orbital satdllites and
interplanetary ships, detailed specific flight methods, suggested liquid oxygen and liquid
hydrogen as rocket fuel, proposed the multistage rocket, and even discussed the requirements
for sustaining life on board a space dation. Tsolkovsky was soldly atheorist , however, and
never tested his hypotheses.

At the same time, scientist and professor Hermann Oberth was investigating the use of rockets
for propulson in Germany. In 1923, Oberth’s paper, Die Rakete zu den Planetenarumen
(Rocketsin Planetary Space), addressed dmogt all aspects of rocket travel, including escape
velocity, multiple stages, and fud mixtures. Shortly before World War 11, Oberth joined his
former pupil Werhner von Braun in Germany’ s secret facility a Peenemiinde, where they both
worked on the development of the V-2 rocket.

In the United States, Robert Goddard was a so exploring the principles of rocketry. Asa
graduate student in physics, Goddard recelved two patents: one for using a mixture of solid and
liquid rocket fuel and another for the multistage rocket. In 1917, Goddard received a $5000
grant from the Smithsonian Ingtitution to continue his research. The resulting 1919 publication,
Method of Reaching Extreme Altitudes, demonstrated how rockets, whose estimated path
was based in part on his correct calculations of escape velocity, could be used to explore the
upper amosphere.

The era of modern rocketry truly began with Goddard’ s rocket launch on March 16, 1926.
Thislaunch flew to an dtitude of 184 feet and remained doft for only 2.5 seconds—shorter than
the Wright Brothers firg flight—but it was the first successtul flight of aliquid-fueled rocket.
Later, Goddard launched the first instrumented payload (a barometer, athermometer, and a



camerato record the readings) in 1929, dthough it only reached an dtitude of 90 feet before
crashing back to the Earth’ s surface.

Goddard eventually moved to an area near Roswell, New Mexico, and set up an isolated,
independent laboratory. Although hiswork was not widely recognized until after his death,
Goddard developed many of the principles of rocketry and space flight: escape velocity;
rockets as ameans of providing thrust in a vacuum; liquid propellants, multistage rockets and
the associated technology; and even rocket-borne mail delivery, passenger space travel, and
interplanetary journeys.

Goddard’s New Mexico proving grounds eventualy became home to another group of rocket
pioneers. the German scientists from Peenemiinde who had designed the V-2 under the
direction of Werhner von Braun. Although origindly designed as wegponry and not asan
ingrument of propulsion or exploration, the V-2 is considered to be the ancestor of all modern
gpace rockets. First launched in 1942, the liquid-fueled V-2 was meant to be Germany’s
ingrument of victory in World War I1. While the it was indeed amodel of power and
efficiency, Germany was defeated in 1945, aloss that facilitated the transfer of rocket
technology and expertise to the United States.

At the end of World War |1, “Operation Paperclip” brought both the V-2 program scientists
and more than 50 of the actual V-2 rockets to the United States. Wernher von Braun and his
associates were offered positions with the U.S. Army designing rocketry and, later, long-range
nuclear weapons. With the beginning of the space race in the late 1950s, von Braun’ steam
turned to the systems that would eventudly carry Americainto orbit and to the Moon.

After Tsolkovsky, Oberth, and Goddard advanced rocket capabilities, the development of
gpace flight was rapid. 1n the 100 years since the Wright Brothers mede their firgt flight at Kitty
Hawk, humans have stayed in space for months at atime, guided robotic craft to seven other
planets, and are now trangtioning into a permanent human presence in space.

The need to sugtain life and productive human function during space flight has presented many
unique chalengesin the areas of medicine and life-support technology. Concurrent advancesin
gpacecraft design and mission sophistication have spurred numerous technologica
breakthroughs in the biomedica sciences, including the development of medicine for remote and
hodtile environments. The symbictic reationship between astronautics and medica science will
continue to further space exploration and benefit terrestrial medicine.

THE ORIGINS OF SPACE MEDICINE

, Although human space flight and the related need for the specialty of space medicine were not
accorded serious consderation until the development of the V-2 rocket, the foundation of space
medicine can be traced to early programs in occupationd and aviation medicine. H.G.



Armstrong foresaw this need and, in 1948, organized a meeting at the USAF Schoal of
Aviation Medicine to discuss aeromedica problems of space travel (von Beckh, 1979).
Presentations were made by then-Colond Armstrong, Professor Hubertus Strughold (later
regarded as the “father of space medicing’), and astrophysicist Dr. Heinz Haber. This meeting
marked the beginning of anew discipline within the field of preventive medicine: aerogpace
medicine soon emerged as a growing specialty.

Interest in the possibility of human space flight grew rapidly among biomedica scientigs. This
interest was fudled in part by concern over the hedth and safety of pilotsinvolved in supersonic
research flights. Conditions faced by crews aboard these flights were smilar to those later
encountered in orbital space flight. To learn more about how the body adapts to space flight,
the United States launched two primates into space on board V-2 rockets by 1950. Although
neither anima survived, these early flights demongtrated the need for reliable life- support
systems and began the long process of requirements definition for the protection of mammals
agang the rigors and stresses of space flight.

Scientists soon recognized the need for an organization to coordinate and exchange information
concerning space medicine research. 1n 1950, a distinguished committee comprised of Drs.
A.C. lvy, JP. Marbarger, R.J. Benford, P.A. Campbell, and A. Graybid petitioned the
Aeromedical Association to admit a space medicine branch. 1n 1951, the petition was
accepted and space medicine was accorded formd recognition within the broader medica
community.

Many early practitioners of space medicine were trained in the aviation medicine programs of
the Navy and the Air Force. Beginning in the 1950s, these two organizations expanded their
curriculato include topics of interest to space medicine. These new directions were reflected by
new organizationd designations: the Air Force facility became the School of Aerospace
Medicine and the Navy school became the Naval Aerospace Medical Indtitute. The schools of
public hedth a Johns Hopkins, Harvard, and Ohio State Universities, which cooperated with
the military facilities in providing resdency training, aso reflected the changing focus in their
curricula

Space medicine gained more public notoriety in November 1951 when the managing editor of
Collier’s magazine, one of the most popular weekly periodicas of the era, dispatched associate
editor Corndlius Ryan to cover a gpace medicine symposium in Albuquerque, New Mexico.
There, Ryan learned of the concerted efforts to anticipate and prepare for the rigors of human
gpace flight. Although Ryan was skeptica that humans might explore space, he was trested to
dinner by severd of the participants and soon was convinced otherwise. Wernher von Braun,
representing the Army Balistic Missile Agency a Huntsville, Alabama, took the lead in proving
that human space flight was not only possible, but that it was the humanity’s destiny asa
goecies. Harvard University astronomer, Fred Whipple, recaled the event: “Whether or not he
was truly skeptical, we persevered. Von Braun, not only a prophetic engineer and top-notch



administrator, was a'so certainly one of the best slesmen of the 20" century....and findlly by
midnight he [Ryan] was sold on the space program” (Ordway and Leiberman, 1992).

Interest in the possibility of orbital space flight continued to grow in both the United States and
the Soviet Union throughout the 1950s. On October 4, 1957, Sputnik 1 was launched
successtully into Earth orbit. Public interest in U.S. space efforts surged after the flight of this
Soviet satdlite, and the two nations became engaged in a“ space race’ that dlowed littletime
for lesurely planning and development. The sense of urgency that permested American space
planning after 1957 had consderable implications for space medicine.

Skepticd members of the biomedical community, however, till questioned the gbility of humans
to perform successfully in space, let done to withstand the combined stresses of launch and
reentry. In 1958, the National Academy of Sciences National Research Council Committee on
Bioastronautics identified severd potential problems for astronauts (Table 1-1). Some of the
Committee” s predictions were eventual lyborne out while others were not.

The hectic pace of space activities during the late 1950s | ft little time for systematic space
biomedica research. Issues of life support, safety, and hedlth had to be addressed a priori,
building principaly on the tenets of aviation and occupationd medicine. ( Thefirst space suits,
for example, were adirect outgrowth of the Navy full-pressure suit used for high-dtitude
flights) Asaresult, new knowledge was generated more from misson results than from
research conducted in laboratories and ground-based smulations.

The remainder of this chapter considers the human space programs conducted by the United
States and the former Soviet Union and reviews key biomedicd problems and findings. These
histories weave atade of maturing space medica capabilities, first spurred by nationa necessity
and competition, and then increasingly driven by systematic research priorities. This chapter
aso examines the programs of other participantsin human spaceflight: the members of the
European Space Agency, Canada, and Japan. Tables 1-13 and 1-14 at the end of this chapter
summarize the human space missions and extravehicular activities, repectively, completed to
date.

THE AMERICAN HUMAN SPACE PROGRAM
Project Mercury

The Nationa Aeronautics and Space Administration (NASA), formed in 1958, was charged by
the President of the United States to launch a person into gpace in a manner that alowed
effective performance and safe recovery of the crewmember. That charge was given high
nationd priority, second only to nationa defense, and was soon redlized in Project Mercury. At
the same time, NASA worked with the support of leading life scientists to develop a capability
for extended human space missions (Lovelace, 1965).



Even before the first astronaut candidates were selected, medical scientists and practitioners
faced many unknowns as they prepared for the first Mercury launch. The selection process
began with the direction from President Eisenhower that al astronaut candidates be recruited
from the ranks of military test pilots. Asagroup, military test pilots were required to
demondtrate many abilities crucia to being an astronaut: good judgment made in threatening
gtuations, quick decison making, and refined motor kills. Of the first group of gpplicants, 100
test pilots were given interviews, psychiatric examinations, and acomplete medical evauation
that included medical stresstests (Link, 1965; see Chapter 21). The purpose of these extensive
evauations was to discover any hidden medical problems, to establish basdline levels of physica
fitness, and perhaps most importantly, to compile amedical database for each individud against
which any changes brought about by later space missons might be measured and quantified.
Sdection criteriawere taken dmost directly from those used in military avidtion, yet the
chdlenge remained for physicians and others to identify those specific medical parameters that
would be most useful in assessing and predicting the ability of humans to adapt to space flight.

Project Mercury required alife support system that would operate without failure under the il
relatively unknown conditions of orbita space flight. Fortunately, the fundamental technology
for such asysem did exist. In 1957, Air Force flight surgeon David R. Simons conducted a
32-hour baloon flight that attained a record dtitude of 30,942 meters, buttrandating the
technology of his bdloon flight into a space system was nonethel ess a difficult undertaking. The
human requirements for protection, respiratory environment, atmaospheric pressure, provison of
food and water, and thermal control had to be considered in respect to severe congtraints on
failure tolerance, size, weight, power, and operation under conditions of therma extremes,
accderation, and weightlessness. These challenges were met in the end, and the resulting
system functioned flavlesdy.

Project Mercury was wholly successful in proving that humans could survive and function in the
gpace environment. From beginning to end, the program spanned just two years—May 1961
to May 1963—Vet it was able to accomplish very important gods. The primary god of
Mercury to launch and recover a person was reached with Alan Shepard’ sflight in May 1961
(Figure 1-1), andin dl, two suborbita and four orbita Mercury missions were flown, including
one that lasted for 34 hours and accomplished 22 orbits of the Earth. All six Mercury
astronauts returned to Earth in satisfactory condition.

These missons were vauable for both dispelling and verifying numerous medica concerns. The
principd findings of human adaptation to space flight were weight loss, resulting primerily from
dehydration, and some impairment of cardiovascular function. Cardiovascular data from the
final and longest Mercury flight showed pogtflight orthostatic intolerance and dizziness on
gtanding, as well as hemoconcentration (Dietlein, 1977). From abehaviord perspective,
though, astronauts performed well under conditions of welghtlessness. 1n sum,the program had
succeeded in accomplishing its purposes: to successfully orbit a human in space, to explore



aspects of tracking and control, and to learn about microgravity and other biomedical issues
associated with space flight.

Gemini Program

Panning for the Gemini Program began in May 1961, just after the successful completion of the
first suborbital Mercury misson. The two-man Gemini cgpsule was based upon the experience
of Project Mercury and was designed to develop new capabiilities, such as extravehicular
activities, while providing NASA experience in conducting extended space missons. The
program aso alowed the biomedical community to delineate the physiological limits of astronaut
endurance, an essentid step for planning future missons of greater complexity. More
specificaly, Gemini Program objectives involved the development and testing of procedures and
technology needed to:

1. demongrate the feasbility of space flight lasting long enough to complete alunar landing;

2. perfect the techniques and procedures for orbital rendezvous and docking of two
Spacecraft;

3. achieve precisgly controlled reentry and landing capability;

4. edablish capability for extravehicular activity; and

5. enhancetheflight and ground crew proficiency (Mueller, 1967; Hacker and Grimwood,
1977).

Gemini successfully completed 10 human space flight missions, encompassng many notable
accomplishments. The program itsdf was a resounding success as a technologica learning
program—52 different experiments were performed during its 10 missons. The Gemini
accomplishments were alitany of precedents and records: the first U.S. extravehicular activity
during Gemini-4 (Figure 1-2), the first rendezvous and docking maneuver during Gemini-8, and
the longest mission to date, the 14-day Gemini-7 mission.

During the Gemini Program, biomedica researchers were able to evaluate more fully the
changes in cardiovascular function noted during the Mercury program. Cardiovascular changes
seen in Gemini crewmembers were regarded as an adaptive response to the intravascular fluid
loss resulting from exposure to weightlessness. The question remained, however, whether the
observed cardiovascular deconditioning was a self-limiting adjustment.

The Gemini missons reinforced the medica conclusion that humans could live and work in
gpace and could certainly do so for the duration required for the forthcoming Apollo missions.

A number of new adaptations to the space flight environment, such as bone minerd loss, were
noted (Table 1-2), but none were consdered of real consequence for missons lasting two
weeks or less. While bringing new issues and concernsto light, Gemini left other medicd
guestions unresolved. The program's biomedicd findings nonethel ess served to structure and
guide experiments to be designed for later, longer missons. Such experiments would be needed
to determine the basis and time course of the observed physiologica changes.



The bank of data acquired from Gemini bridged the gap between the Mercury program and the
next stage of NASA’ s space flight objectives, the Apollo Program.

Apollo Program

In 1961, Presdent John F. Kennedy announced the singular, sraightforward god of the Apollo
Program: to land aman on the Moon and return him safely to Earth before the end of the
decade. Thisgod was achieved with the Apollo 11 misson in July 1969. Overdl, the program
included 29 astronauts, 12 of whom spent time on the lunar surface (Figure 1-3). The Apollo
Program is among the greatest human achievements in science, engineering, and exploration in
the 20th century.

Although the Apollo Program achieved its gods, it was not without tragedy. In January 1967,
during prelaunch tegting, afirein the Apollo 1 capsule killed astronauts Gus Grissom, Ed White,
and Roger Chaffee. The program was delayed while the fire was investigated and certain
aspects of the Apollo capsule re-engineered. The hatch, for instance, was changed to alow the
astronauts a quick escape route. In addition, the cabin environment was dtered from 100
percent oxygen a launch to amixture of oxygen and nitrogen; once in flight, the capsule
environment was to convert to pure oxygen. Although an oxygen-only atmosphere facilitated
life support system designs, it dso contributed to the Apallo 1 fire.

Apollo was supported by a broad biomedicd effort with three distinct gods (Johnston, 1975):

1. Ensurethe safety and health of crewmembers. The Apallo flights highlighted hedlth
issues that had not been addressed earlier, foremost among them the potentia for in-flight
illness. During orbitd flight, an astronaut could be recovered rdatively quickly in the event of an
in-flight emergency; during alunar mission, circumnavigation of the Moon obviated this option.
Therefore, a program was needed to minimize the likelihood of in-flight illnessand to dlow a
reasonable measure of emergency trestment should an illness occur.

2. Prevent contamination of Earth by extraterrestrial organisms. A lunar landing raised
for the firgt time the possibility of contaminating the Moon with terrestrid microorganisms or, of
even more concern, the possibility of introducing unknown lunar microorganismsto Earth. To
ensure that unwanted microorgansms were not exchanged, strict quarantine and
decontamination procedures were implemented before and after each mission. A specid Lunar
Receiving Laboratory was constructed at NASA’s Lyndon B. Johnson Space Center in
Houston, Texas, to house astronauts and lunar samples for gppropriate observation and
research.

3. Study specific effects of exposureto space. Thelonger Apollo flights provided an
opportunity to study the cardiovascular and bone adaptations observed during the Gemini
Program in greater depth and to develop improved measurement techniques. Although the



operationd complexity and rigorous demands of the Apollo Program limited the time available
for biomedica experiments, the studies conducted did provide considerable information
concerning cardiovascular function, metabolic baance, and microbid behavior. In addition,
limited non-human biologica investigations were conducted, including studies of radiation effects
on the pocket mouse and the effects of heavy nucle of galactic cosmic radiation on anumber of
biologica specimens.

Biomedica observations during Apollo missions added vestibular disturbances to the inventory
of ggnificant biomedica findings pertaining to space flight (Dietlein, 1977). Soviet cosmonats
had reported motion sickness symptomsin flight as early as 1961 (Titov on Vostok-2), yet no
symptoms of what would later be called space motion sickness had been reported by U.S.
adronauts before Apallo. Inthe Apollo 8 and 9 flights, however, five of the Sx crewmembers
suffered some degree of motion sickness, ranging from stomach awareness to actua sickness.
In one case, the severity of the vestibular disturbance required postponement of portions of the
flight plan.

Other sgnificant biomedicd findings from the Apollo Program confirmed Gemini results and
hel ped to characterize these responses in further detail (Table 1-3). Of specid interest wasthe
absence of microorganisms in the materids returned from the lunar surface.

Skylab Program

The Skylab Program offered the first opportunity to study problems of habitability and
physiologica adaptation to space flight over extended periods. Compaosed of multiple
components, Skylab was both a space habitat and an orbital |aboratory. The orbital workshop
(Figure 4-7) provided the primary on-orbit living and working quarters for crewmembers. Built
from the third stage of the Saturn V' booster rocket, the workshop was equipped to house three
astronautts for up to three months. With avolume of approximately 294 n?, the cylindrical
workshop was huge in comparison with the Mercury, Gemini, and Apollo spacecraft
(approximately 1 to 8 nt). The additional room alowed astronauts to enjoy alifestyle
somewhat closer to Earth standards, with aradicd improvement in freedom of movement
(Figure 1-4). Skylabs-2, -3, and -4 lasted for 28, 59, and 84 days, respectively, permitting
scientisgts to engage in detailed biomedica research on the physiologica changesfirst observed
in earlier programs.

The firgt Skylab crew was launched on May 25, 1973, and returned to Earth on June 22, 1973.
Whilein orbit, the crew conducted solar astronomy and Earth resources experiments, medica
sudies, and five student experiments. During 404 orbits of the Earth, they conducted 392 hours
of experimentation, in the process making three extravehicular activity (EVA) performances
totaing six hours and 20 minutes.

Two other Skylab missions followed, with each crew increasing the previous crews' duration.
In tota, three astronaut crews occupied the Skylab workshop for 171 days and 13 hours and



performed nearly 300 scientific and technica experiments. With the completion of the three
Skylab missions, both the total hoursin space and the total hours spent in EVA exceeded the
combined totas of dl of the world' s previous space flights up to that time (Compton and
Benson, 1983).

Skylab emphasized the intringc vaue of the human operator in space systems. A thermd
problem caused by the loss of the micrometeoroid shield and the failure of the solar array wing
to deploy properly would have rendered Skylab uninhabitable without direct human intervention
(Bdew, 1977). After rendezvous and survey of the damage, Skylab Commander Charles
Conrad and Scientist-Pilot Joseph Kerwin spent nearly four hours outside the spacecraft
repairing the damage. The task was especidly complex, snce the extent of the damage was
unknown, the outcome was uncertain, and no specid provisons had been made to facilitate
EVA. Guided by ground staff, the Skylab team successfully released the solar wing and
rectified the problem to the extent possible.

Skylab aso demondtrated that, with sufficient attention to such issues as food service, waste
management, and deep arrangements, a spacecraft could provide satisfactory living and
working quarters for long periods. By previous standards, only minor habitability problems
were experienced in the Skylab orbita workshop. For example, deeping compartments were
not sufficiently isolated from each other and from the waste management compartment for
optimum noise control. Mobility and restraint systems were aso found to be mgor factorsin
perceived habitability in microgravity.

Skylab provided awedth of biomedica data concerning the health and physiologica responses
of humans performing norma work activities and using countermeasures during long-term space
missons. Skylab datawere particularly useful in differentiating self-limiting physiologica
changes from those that continued throughout exposure to space flight. Thisinformation has
since guided ground-based research as well asin-flight studies that seek to characterize human
responses to the stresses of space flight.

The Skylab crews were monitored closdly for sgns of space motion sickness (Graybid, 1981).
During the first misson, none of the astronauts became motion sick, dthough one crewmember
did take medication immediatdly after entry into orbit. No sgnificant performance decrements
were noted even during the physically demanding work of repairing Skylab damage before
entering the orbital workshop. The second Skylab crew, who did not take prophylactic

medi cation, experienced severe motion sickness symptoms. One crewmember becameiill
within an hour of achieving orbit—the earliest recorded appearance of motion scknessin orbitd
flight by American crews (Graybiel, 1981). Thethird Skylab crew took severa precautions,
including flying aerobatics on the day before the misson and following a schedule for taking anti-
motion-sickness medication during the early days of the mission. Despite these measures, two
crewmembers experienced motion Sickness and one astronaut” s symptoms persisted well into
the fourth day of flight.



Subjective reports from the three Skylab crews and vestibular experiments conducted during
flight suggested that space motion sickness could not be predicted with the usud coterie of
ground-based tests, but could be aleviated somewhat by the administration of prophylactic
medications. Space motion sickness has remained a problem through the Space Shuttle era,
however, and, despite advances in space pharmacol ogy, the search for the optimum medication
and schedule of adminigtration continues (see Chapter 25).

Particular attention was given to cardiovascular changes in Skylab: orthostatic tolerance,
electrica activity, and changesin heart Sze were dl assessed. The response of astronauts to
provocative orthodtatic stress was examined in flight for the firgt time on Skylab. Crewmen
were tested using alower body negative pressure (LBNP) device before, during, and after dl
Skylab missons. The LBNP device was designed to impose orthodtatic stress to the lower
torso and legs for a period of 25 minutes through the application of a maximum negative 50
mmHg (50 torr) pressure. Although indices of reduced cardiovascular efficiency were again
obtained, the observed cardiovascular deconditioning was found to stabilize after 4 to 6 weeks
with no gpparent impairment of crew hedth or performance (Dietlein, 1977). Cardiovascular
deconditioning is currently regarded as a self-limiting adaptation to the reduced hydrostatic
pressure differential imposed by microgravity.

Other areas of concern during Skylab were bone minerd loss and minerd baancein
crewmembers. Preflight measurements of bone minerd content, using a photon absorptiometric
technique, were compared with Smilar measurements taken a varying intervas after landing.
No minerd losses were observed in the upper extremities, but some bone loss was noted in the
lower extremities, specificaly the os calcis (Voge et al., 1977). Datafrom the 84-day Skylab-
4 mission led to the conclusion that the minerd losses incurred were comparable to those
observed in bed rest studies (Dietlein, 1977). No evidence was found during these missons
that the loss of bone minerd is salf-limiting—even with the use of countermeasures—and this
supposition has been recently confirmed during long Russan missions. Metabolic studies on
Skylab showed a sgnificant increase in the urinary excretion of cadum during flight in dl
crewmen measured. The loss continued throughout the period of flight, with no evidence of
abatement during later ages. Significant amounts of nitrogen and phosphorus were dso logt,
presumably associated with loss of muscular tissue (Whedon et al., 1977). Other evidence of
muscle loss was obtained from anthropometric studies revealing marked decrease in leg volume,
much of which was restored within 21 days of landing. About one-third of the losswas
attributed to partid atrophy of the leg muscles due to disuse in microgravity, with the remainder
caused by fluid loss (Whittle et al., 1977).

The Apollo-Soyuz Test Project

The Apollo-Soyuz Test Project (ASTP) was conducted jointly by the United States and the
Soviet Union as ameans of promoting internationa cooperation in space ventures. The primary
mission objective was to test rendezvous and docking systems that might be needed during
international space-rescue missions. This required a proven ability to transfer crews between



two spacecraft with dissmilar atmospheres. A second objective was to conduct a program of
scientific experiments and technologica gpplications. Both the Apollo and Soyuz spacecraft
used in the ASTP were identical to those flown previoudy by each nation (Figure 1-5). A
docking module for crew transfer was congtructed specidly for the misson.

The ASTP lasted for nine days, and the rendezvous and docking maneuver was completed
successfully. The two spacecraft remained docked for two days while the crews exchanged
vidts. During the recovery phase, the U.S. crew was exposed to toxic gases, mostly nitrogen
tetroxide, from inadvertent firing of the reaction control system during descent. These gases
entered the command module through a cabin pressure relief valve that had been opened during
the landing sequence. All crewmembers developed chemica pneumonitis as aresult of the
exposure and required intensive thergpy and hospitdization at the Tripler Army Medica Center
in Honolulu, Hawaii (Nicogossan et al., 1977). Mos of the planned postflight medical
experiments were sacrificed to focus on clinica examination and treatment of the astronauts.

Despite the lack of pogtflight data, consderable information was obtained concerning the human
reaction to pace flight conditions. Electromyographic andyses of skeletd muscle functionin leg
extensor and arm flexor muscles showed that muscle dysfunction characteristics first observed
upon 59 days of exposure to weightlessness in the Skylab-3 misson were aso present after
only nine days of exposure (LaFeverset al., 1977). Short-term exposure aso produced
fatigue in muscle tissue, particularly in the antigravity muscles.

Duration of the Achilles tendon reflex was dso measured after ASTP after generd hyperreflexia
had been observed in Skylab crewmen (Burchard and Nicogossan, 1977). Aswasthe casein
Skylab, two crewmembers showed a decrease in reflex duration within two hours after
recovery relative to preflight measurements. In addition, dl three ASTP crewmembers showed
ggnificant fine tremor, which was thought to reflect the effects of inhding nitrogen tetroxide
vapor (Nicogossan et al., 1977).

The Space Shuttle Program

April 12, 1981, marked a new erain human space activities: the first successful orbitd flight of
the Space Shuttle, the world’ sfirst reusable spacecraft. The Space Shuttle consists of four
components. areusable orbiter mounted on an expendable, liquid-propellant tank, and two
reusable solid rocket boosters. After a conventiona launch, the orbiter operatesasa
Spacecraft; upon atmospheric reentry, it sals like a glider to the designated landing Site.
Crewmembers experience a maximum chest-to-back 3g load during launch and lessthan 2g
head-to-foot load during reentry. Up to eight crewmembers may be accommodated on asingle
mission, but the normd crew complement is seven.

The Space Shuttle isthe first U.S. spacecraft in which astronauts operate at standard sea-leve
atmospheric pressure and compostion. In comparison, Mercury, Gemini, and Apollo al
operated a 0.33 atm and 100 percent oxygen whilein flight. Although the atmospheric



pressure aboard Skylab was dso 0.33 atm, congderation of potentia atelectasis and fire
prevention safety over long periods dictated a compositional change to 70 percent oxygen and
30 percent nitrogen.

The Space Shuttle truly opened anew erain space exploration and utilization programs. The
Shuttle program has launched numerous satellites and even repaired satdllites in orbit, extending
their service and enhancing their capabilities. One alling satdllite was retrieved and brought back
to Earth for repair. Multiple EVAS, some lasting more than eight hours, have been conducted
during the same missons.

Without question, the Shuttle greatly expanded the opportunity for human space flight. As of
late 1999, 243 individuas have flown. Among other notable developments, Dr. Saly K. Ride
became the first American woman to fly in space aboard STS-7 (June 1983) and

STS-8 astronaut Guion S. Bluford became the first African-American to fly in space (August
1983). Sincethen, 31 femae crewmembers have flown, including the first femae Shuttle
commander Eileen Callinsin July 1999 on STS-93.

Crewmembers from many nations have participated in Space Shuttle activities (Table

1-4). The Shuttle was the first opportunity for scientists from universities and industries
worldwide to participate in space-based invedtigations. The amount of scientific data obtained
as aresult of the Space Shuttle missions surpasses any scientific effort that any single nation has
yet accomplished in space.

Space Shuttle and Spacelab

A key feature of the Shuttle has been the pressurized Spacelab module (Figure 1-6), a
Iaboratory in which misson scientists can conduct experiments in Earth orbit. The Spacelab
concept arose from the concept of equipping the orbiter’s cargo bay with a* shirt-deeve’
laboratory in which the crew could operate instruments and perform experiments. Provided by
the European Space Agency (ESA), Spaceab consisted of a pressurized, cylindrical [aboratory
with an externd equipment palet. The result was ahighly flexible carrier system that was
tailored and combined with other flight € ements to meet the requirements of each misson (see
Chapter 4).

Spacelab components firgt flew on the Shuttlein 1981 and flew 34 more times over the next 17
yearsfor atota of 375 flight days. More than 750 Spacelab experiments resulted in over
1,000 referred articles, 2,000 talks and abstracts, and 250 masters and doctoral theses.
Spacelab experiments were not only numerous, but they aso drew from awide internationa
pool of participants. scientific hardware contributors and principa and

co-investigators from 12 countries have cortributed (Table 1-5).



A Spacdab module dso flew to Mir asavisting laboratory during the firgt U.S-Russan
Shuttle-Mir docking. Spacelab Life Sciences-1 and -2, dong with Neurolab, were dedicated
life sciences missons.

Data from these flights were supplemented by numerous investigations conducted on
multidisciplinary Spacelab missons. Retired after the 1998 Neurolab flight, the Spacelab
program provided awedth of scientific and technicd information on the physiologica response
to space flight.

The Spacelab experience has paved the way for research on the International Space Station.
Two decades of conducting research in alaboratory environment 180 miles above the Earth has
given the internationa space community experience in multinational cooperation and data
dissemination, as well asimproved research operations and results andyss.

Space Shuttle Post-Challenger

After 24 successful Space Shuttle flights, on January 28, 1986, the Space Shuttle Challenger
was destroyed at liftoff by the explosion of a mafunctioning rocket boogter, taking the lives of
al saven crewmembers on board. Thistragedy resulted in a hiatus of nearly three yearsin the
U.S. human space flight program, with atota redesign of many components of the launch
vehicles and provision of an early escape system for the crews. On September 29, 1988, the
Shuttle program resumed with the launch of the Shuttle Discovery, its five crewmembers, and a
communications sadlite.

Asof January 2000, 97 Shuittle flights have been completed, with 73 carried out since the
Challenger accident. Initsfirst 15 years of operation, the Shuttle carried approximately 2.3
million pounds of cargo and more than 700 mgor payloads into orbit for extramura
researchers, commercid interests, other nations, and educationa ingtitutions. 1ts crews have
aso conducted more than 45 EVAS.

Shuttle capabiilities for research and investigation enable the next stage in space medicine
research. Functioning as an orbiting research laboratory, especidly when carrying the
Spacelab, the Shuttle has led to a more sophisticated scientific gpproach to the study of
physiologica adaptation and evauation of countermeasures. For the first time, experiments can
be conducted routinely on orbit to further investigate the effects of the space environment,
particularly microgravity, on human physiology under conditions that cannot be duplicated on
Eath. These investigations are complemented by ground-based research into changesin
vestibular, cardiovascular, and hematologic function, as well as the effects of radiation and
reduced apparent gravity on basic biological processes. Hight experiments have expanded our
understanding of basic physiologica mechanisms and established the time course of biological
and biomedica changes during exposure to microgravity (see Chapter 11). In addition, through
continuous in-flight observation of space crews, and viathe vaidation and refinement of
countermeasures, requirements have been expanded for human safety, hedlth, and productivity



in gpace. Assurance of astronaut health and productivity in turn provides sound foundations for
a broader segment of the population to participate in space missions. The long-term dinica
ggnificance of risk factors that may be associated with repeated exposure to the space
environment is aso monitored and sudied after flight (see Chapters 21 and 22).

Shuttle life sciences missions, which are currently housed in the middeck and have aso been
located in the Spacelab module, fal into three generd categories:

1. Thefully dedicated misson, in which the payload specidigts are life scientigts;

2. Missonswith shared payloads, where various scientific disciplines are represented by
onboard experiments, and

3. Small payloads that can be loaded into Spacelab or the orbiter middeck before launch, with
minima vehicle interfaces.

The results of various completed studies are described in greater detail in the following chapters.

Since 1989, biomedica scientists have worked to develop procedures that dlow the safe
extension of Space Shuttle missons up to 16 days. These extended duration missions—
including two Spacelab Life Sciences (SLS) missons, Neurolab, and STS-95—have paved the
way for expanded space medicine research on the ISS.

SLS-1, launched in June 1991, was the first mission dedicated entirely to understanding the
physiologicd effects of space flight. An extensve series of biomedica experiments was
conducted on crew members during the nine-day mission, and the results were compared with
basdine data collected on the ground before and after the flight. Along with the human subjects,
rodents and jellyfish also were on board to test their adgptation to microgravity.

In October-November 1993, aboard STS-58, NASA conducted the second dedicated
Spacdab Life Sciences misson. Fourteen experiments were conducted in the areas of
regulatory physiology, cardiovascular/cardiopulmonary, musculoskeletal, and neuroscience
research. Eight of the experiments centered on the crew, while six investigations focused on 48
rodents carried on board. With the completion of her fourth space flight, Shannon Lucid
accumulated the mogt flight time for afemale astronaut on the Shuittle: 838 hours.

The April 1998 flight of STS-90, supported by NASA, internationd space agencies, and
domestic partners (including the Nationa Indtitute on Aging and the Nationd Science
Foundation), was a dedicated 16-day life sciences misson focusing on neuroscience research.
Cadled Neurolab, the mission goa's were four-fold:

1. To usethe unique environment of space flight to study fundamental neurological processes,

2. Toincrease the understanding of the mechanisms responsible for neurologic and behaviord
changes that occur in space flight;

3. To further life sciences gods in support of human space flight; and



4. To apply results from space studies to the health, well-being, and economic benefit of
people on Earth.

More than 30 experiments conducted on Neurolab investigated specific areas of neuroscience
and related areas. muscle physiology, neurophysiology, bone biology, cdlular and molecular
biology, pharmacology, endocrinology, and cardiovascular and pulmonary physiology.

In October 1998, at the age of 77, John Glenn, who had flown the first U.S. orbital missonin
Project Mercury in 1962, served as apayload speciadist on STS-95. Acting as test subjects
themsdves, the STS-95 crewmembers contributed to medical studies on deep, balance, protein
metabolism, and cardiovascular function. This research was conducted in collaboration with the
Nationd Inditutes on Aging and was an initid attempt to ascertain whether space flight may
serve asamode for aging research.

In addition to its research missons, the Space Shuttle will dso play an integrd rolein the
International Space Station (1SS) program. The Shuttle will be used to carry mgor American
|SS components to orhit, rotate ISS crew, and carry logistics throughout the program life cycle.
Thefirg U.S. dement, the Unity node, was successtully placed on orbit by the crew of STS-88
in December 1998 (Figure 1-7). The U.S. laboratory module, Destiny, will be launched in
2000 with five of 24 possible system racks dready ingtaled insde the module. Destiny will
provideinitid United States user capability in awide range of disciplines, including advanced
human support technology, biomedical research and countermeasures, gravitationa biology,
fluid physics, fundamenta physics, materids science, and combustion science, among others.

THE EUROPEAN SPACE PROGRAM

The European Space Agency (ESA) formed out of the 1975 merger of the European Space
Research Organization (ESRO) and the European Launcher Development Organization
(ELDO). Fourteen countries are members of ESA (Table 1-6), with Canada accorded
“cooperating state”’ satus. Although headquartered in Paris, ESA is supported by specidized
development centers throughout Europe: the European Space Research and Technology Centre
(ESTEC) in Noordwijk, the Netherlands; the European Space Operations Centre (ESOC) in
Darmstadt, Germany; the European Space Research Ingtitute (ERSIN) in Frascati, Italy; and
the European Astronaut Centre (EAC) in Cologne, Germany.

ESA'’ s space flight experience began in 1968 with the launch of ESRO' sfird scientific satdlite.
Sincethat time, ESA has launched over 40 scientific, remote sensing, and communications
satellites. In addition, ESA’s successful series of Ariane launch vehicles have carried hundreds
of satellitesinto orbit for multiple countries.

ESA entered the human space flight arenain 1973 with the development of Spacelab, a
multi purpose human space laboratory flown on the Space Shuttle. Between 1981 and 1998,



components of Spacelab flew on the Space Shuttle 35 times and flew to the Russian space
dation Mir twice,

ESA adronauts have played an active role in life sciences research on the Space Shuttle. As of
late 1999, ESA adtronauts have flown on 15 Shuttle missions beginning in 1983 (Table 1-7).
Thirteen ESA astronauts have aso stayed aboard Soviet and Russian space stations (Table 1-
8).

In addition to Spacelab, severd other pieces of European hardware are essentid to space life
sciences research. Microgravity research facilities designed within the European Microgravity
Research Programme (EMIR) have flown on Spacelab missions, sounding rockets, Russian
retrievable carriers, Mir, the European recoverable platform Eureca, and Spacehab [is this
Spacelab?]. EMIR Spacelab life sciences facilities include Biorack (cdll biology), Anthrorack
(human physiology), and the Glovebox (equipment preparation). ESA aso developed various
physology fadilitiesfor Mir, as well as the Biopan and Biobox cdl biology facilities carried on
the retrievable Russian carrier Foton.

Although the 1998 Neurolab misson marked the fina flight of Spacdab, ESA’sinvolvement in
human space flight and life sciences investigations is far from over. Many of the participating
organizations, especialy France's Centre Nationd d' Etudes Spatiales, the Netherlands Agency
for Space Programs, the Austrian Space Agency, and the German Aerospace Research
Egtablishment, maintain active life sciences research programs.  Furthermore, as one of the
internationd partnersin the 1SS program, ESA will have access to its sate-of-the-art on-orbit
laboratories for conducting life science investigations.

ESA’sdirect contributions to the ISS include flight e ements and transport vehicles. ESA’sfirg
contribution to the ISS is Columbus, a pressurized, habitable multi- purpose microgravity
laboratory scheduled for launch in 2003. One of Columbus' s modules, the Biolab facility, will
be dedicated to the study of gravitationa and radiation biology, while the module itsdf will dso
act asthe main workplace for ESA’s on-orbit astronauts. ESA will also construct and operate
the Automated Transfer Vehicle (ATV). The ATV, to belaunched on ESA’s Ariane 5, will
sarvice the ISS for cargo delivery, refuding, reboost and attitude control, and waste removal.
Thefirg of at least eight ATV launches is scheduled for 2003.

In addition to its direct contributions to the ISS, ESA has dso signed bilatera cooperation
agreements with other ISS partners. ESA has signed an agreement with the Russian Space
Agency (RSA) to provide the data management system for the Service Module, aswell asthe
European Robotic Arm (ERA), a piece of hardware to be used for assembly and maintenance
of the Russian segment of the ISS. ESA has adso signed a cooperative agreement with the
Japanese Nationa Space Development Agency (NASDA) to provide cooler and freezer
equipment for the Japanese Experiment Module Kibo.

THE JAPANESE SPACE PROGRAM



NASDA was established on October 1, 1969, to promote the peaceful development and use of
goace. Sincethat time, NASDA has developed a significant technologica base in support of
both crewed and robotic space missons. NASDA'’s satellite program began in 1975, with the
launch of the first Engineering Test Satellite. Since then, NASDA has launched over 30
communication, remote sensing, and meteorological satellites. Severa of NASDA’s satdllites
(e.g., the Space Hyer Unit), dong with experiments flown on Spacelab missons, are part of
NASDA'’s growing effortsin microgravity and life sciences research. In addition, NASDA has
developed severd launch vehides, including the H-11 and the HOPE-X (an uncrewed craft that
will vaidate new technologies for reusable launch vehicles).

NASDA enhancesits robotic research with its human space flight program.  Although not an
officid NASDA adtronaut, journalist Tohiro Akiyama became the first Japanese to fly in space
in 1990. Akiyamd s eight-day stay on Mir, sponsored by the Tokyo Broadcasting System,
marked the first commercid flight to the Russan station. Officialy, NASDA has selected and
trained five astronauts as payload and mission specidigs.

Like ESA, NASDA has aso played an integrd rolein the Shuttle s life sciences research
program (Table 1-9). Spacelab-J, flown on STS-47, was a cooperative effort between
NASDA and NASA, with afocus on fundamenta materids and life sciences. As part of this
internationa misson, the crew (including payload speciaist Mamoru Mohri, the firss NASDA
adgtronaut) performed 13 life science and 22 materia science experiments developed by
NASDA, in addition to NASA experiments. NASDA astronaut Chiaki Mukai’ s two missons
have both had alife science focus. Her fird flight, the second International Microgravity
Laboratory (IML-2) on STS-65, was designed as an extended duration orbit misson focusing
on the cardiovascular, nervous, and musculoskeletal systems; Muka’ s second flight, STS-95,
examined the effects of space flight on the human body and their smilarities to the aging
process.

Current and future NASDA plans in the space life sciences arena focus on a continued human
presence in space. |n addition to the 21¥ century god's of alunar base and a national space
gation, NASDA isaso a partner in the I SS program, providing both station elements and
resupply craft. The Japanese Experiment Module, renamed Kibo (“Hope’ in English), will be
Japan’ sfird crewed space activities facility. Kibo isamulti-user fadility for long-duration
microgravity research. A second NASDA |ISS dement, the Centrifuge, is alife sciences
research facility dedicated to the quantitative investigation of gravity’s effects on biologica
sysems. Experiments carried out in the three components of the Centrifuge will crossawide
range of life science sub-disciplines, including hematology, immunology, neuroscience, plant
physiology, and radiobiology.

In addition to Kibo and the Centrifuge, NASDA will dso provide the ISS with a resupply ship.
The HTV (H-11 Transfer Vehicle) can carry up to seven tons of suppliesto the ISS. Both the
launch of Kibo and the demondtration flight of the HTV are scheduled for 2002. The



components of the Centrifuge will be launched to the ISS separately beginning in 2001, with full
integration of the entire assembly by 2004.

Current NASDA training facilities are centered around the needs of the ISS. The Weightless
Environment Test Building at Tsukuba Space Center houses a smulation tank spacious enough
for afull-szed mockup of Kibo. NASDA usesthe tank for EVA smulation tests and basic
training of 1SS astronauts. 1n addition, the Agtronaut Training Facility (ATF), scheduled for full-
scale operation in 2004, will serve asthe center for astronaut sdection, training, hedth care, and
medica research. ATF fadilitiesinclude:
" anisolation chamber to sudy the mental and physiological stresses an astronaut in the
isolated, multiculturd 1SS environment may face;

" ahypobaric chamber to smulate low atmaospheric pressure, alowing astronauts to
experience—and react to—pressurization system failure before they reach orbit;

® ahedth carefacility for astronaut sdection, training, and hedth care;

" vedibular function research facilities to investigate the mechanism for and countermeasures
againg the patia disorientation experienced in microgravity;

" bed rest study facilities to examine and devel op countermeasures against the bone loss and
muscle atrophy that occur in microgravity; and

" additiond space medicine research facilities.
THE CANADIAN SPACE PROGRAM

The Canadian Space Agency (CSA), afourth partner in the | SS effort, was established by the
Canadian Parliament in 1989, with the mandate to promote the peaceful use and devel opment
of space for the societal and economic benefit of Canadians. The CSA coordinates al sectors
of the Canadian space program and directly manages five of these sectors. Space Systems,
respongble for Canada s I SS program; Space Operations, which includes a satellite testing
facility and operation of the first Canadian Earth observation satdllite, Radarsat; the Canadian
Astronaut Office; Space Sciences, which oversees research in space life sciences, atmospheric
science, astronomy, microgravity, and solar-terrestrid relations; and Space Technologies, which
works in conjunction with Canada s space industry and aso leads the interaction between CSA
and ESA.

The CSA has huilt a Canadian presence in the arenas of human space flight activities and space
life sciences research. As of June 1999, nine Canadian astronauits have flown on Space Shuttle
missions, including the firgt logigtics flight to the ISS (Table 1-10). Severd Shuttle missons—
including Neurolab, STS-95, LMS-1, and IML-2—have carried CSA space life sciences
payloads. The CSA has aso sponsored deep-immune function and radiobiology experiments
on Mir.

Canadawill continue its human space flight and space life science research programs on the
ISS. One of Canada' s most essentia contributions to the | SS program is the Mobile Servicing



System (MSS). The M SS—used for Station assembly and maintenance, equipment and supply
movement, satellite capture and release, EVA activities, and payload maintenance—is actudly a
three-part assembly. The Space Station Remote Manipulator System (SSRMS), or Canadarm,
isamore advanced version of the Canadian-built robotic arm used on the Space Shuittle.
Seventeen meters long when fully extended, the Canadarm is capable of handling large payloads
and assgting in Space Shuttle dockings. The Canadarm can be attached to severa points aong
the ISS exterior. The second part of the MSS, the Mobile Base System (MBS), isamohbile
work platform oriented along the length of the 1SS to provide latera mobility for the Canadarm.
Thefina element of the MSS, the Specia Purpose Dexterous Manipulator (SPDM, or Canada
Hand), isatwo-armed robot that can be used for delicate assembly and maintenance tasks.
The MSSwill beinddled in severd parts beginning with the ingdlation of Canadarm in July
2000, followed by the MBS in 2001 and the SPDM in 2003.

THE SOVIET/RUSSIAN HUMAN SPACE PROGRAM

The Soviet Union began the space age in October 1957 with the launch of Sputnik-1. This
remarkable achievement was followed within a month by the launch of Sputnik-2, carrying a
dog named Laika. The advent of glasnost lifted the vell of secrecy that had once shrouded the
Soviet space program and reveded that the seemingly well-organized, fast-maturing space
program of the early 1960s was affected by the early setbacks of the “Moon race’ and political
drategy. Some of the technology developed for a human lunar program during the late 1960s
and early 1970s was converted for use with Earth-orbital space Sations and is still in operation
today. For the past two decades, maintaining space stations and extending the duration of
humean flight have been the near-term objectives of the Soviet space program; their long-range
plans to send humans to Mars have been affected serioudy by the recent financid difficulties
associated with the dissolution of the Soviet Union.

The Vostok Program

The era of human space flight began with the April 12, 1961, launch of Yuri A. Gagarin aboard
Vostok-1 (Figure 1-8). The two-year preparation for this historic misson included two
suborbital and six orbita unmanned test flights, some of which carried dogs. Criticd systems
necessary to ensure safe and successful human flights were vdidated, including spacecraft and
space suit life support, orientation and attitude control, reentry retrorockets, heat shields,
gection seats and recovery gpparatuses. The Vostok spacecraft was designed to be under
autometic control, but cosmonauts could take over in the event of autopilot failure (Newkirk,
1990).

Asinthe U.S. program, the first Soviet cosmonauts were recruited from military test pilots. On
March 14, 1960, a group of 20 cosmonaut candidates began the first training program, which
included lectures in aviaion medicine, Spacecraft design, and orbital mechanics. Six were
chosen from this group for advanced training, including work with the VVostok spacecraft, and
only 12 of the original 20 candidates actualy made space flights. Five women joined the



cosmonaut team in 1962, but only Vaentina Terishkova actudly flew in space, aboard V ostok-
6 (Clark, 1988).

The five Vostok missions gathered inva uable data about the reaction of the human body to the
microgravity environment. Early Vostok missions monitored cosmonauts via ECG,
pneumography, and televison camera. When Gherman Titov experienced the spatid
disorientation and vestibular symptoms later known as space motion sickness on Vostok-2,
subsequent missions were postponed while physicians attempted to design experiments and
hardware to characterize and evaluate this new phenomenon. As aresult, electro-oculography,
electroencepha ography, skin gavanic resistance tests, and sensory motor performance
evaluations were added to the medical monitoring program of later flights. The VVostok program
aso vdidated rendezvous technologies and set endurance records.

The Vostok flights proved that humans could survive the rigors of space flight for up to five
days. Space motion sckness symptoms did not affect the successful completion of the
missons. Biomedicd monitoring during flight and extensive testing after return failed to uncover
any pathological disturbances. Postflight orthostatic intolerance was noted in some of the
crewmembers but was not consdered significant. A seventh Vostok flight, which wasto
include a week-long evauation of in-flight physiologica adaptation, was consdered but was
canceled in favor of developing other capatiilities for future programs (Clark, 1988).

The VVaskhod Program

Voskhod was an interim program devised to maintain the Soviet presence in space and
demongtrate some of the capabilities required for human lunar missons and Earth-orbiting space
dtation operations. The Soyuz program, origindly envisioned to follow Vostok, would include
new spacecraft capable of housing severd crewmembers, orbita maneuvering, rendezvous and
docking, long-duration flight, and EVA; this spacecraft, however, would not be flight-ready until
at least 1966. The prospect of athree-year hiatus between 1963 and 1966, during which the
American Gemini Program was scheduled, prompted the development of the V oskhod
gpacecrafts from upgraded V ostok technology.

Three flights were planned for the Voskhod program: a short flight with three crewvmembers, a
short flight that included an EVA, and atwo-week mission (Clark, 1988). The two-week
mission was subsequently canceled, but the spacecraft intended for that flight flew asa
biosatellite (Kosmos-110) with two dogs and spent 22 days in space. The conversion of the
V oskhod spacecraft into a biosatellite initiated a series of research flights that continue today.

With only two human flights during the VVoskhod era, the program nonethel ess demongtrated
key capabilities required for subsequent programs in addition to reaching severd more
precedents in space travel. On Voskhod-1, for instance, Dr. Boris Y egorov became the first
physician in space and conducted a series of pulmonary, vestibular, and circulatory experiments.



In addition, Aleksal Leonov conducted the first EV A—Iadting only 12 minutes—during
Voskhod-2 in 1965 (Figure 1-9).

The Early Soyuz Hights

The Soyuz spacecraft was origindly envisoned as part of ahuman lunar landing program, with
modifications planned for circumlunar flight (Mishin, 1990). Carrying three crewmembers,
Soyuz was cgpable of extensve orbita maneuvering, rendezvous and docking, extended
independent flight, and EVA viaits orbitd module. Severa robotic tests of the Soyuz were
completed in late 1966 and early 1967, and dthough serious flaws were detected in critica
systems, the spacecraft was gpproved for human flight.

Thefirg misson of the Soyuz program was to have been a* space spectacular” (Nikishin,
1992). Thelaunch of Soyuz-1 with asingle crewmember was to be followed 24 hours later by
three cosmonauits aboard Soyuz-2. After rendezvous and docking, two of the Soyuz-2 crew
were to don space suits and transfer by EVA to Soyuz-1. The two spacecraft were then to
Sseparate and return to Earth.

Soyuz-1 was launched on April 23, 1967, with VIadimir Komarov on board. Because
electrica trouble arose dmost immediatdly, the Soyuz-2 launch was caled off and Komarov
was told to return. Overcoming serious attitude-control problems, Komarov made a successful
manua reentry only to have tragedy strike. The primary parachute failed, and the backup
parachute became tangled in the drogue parachute. Komarov was killed when the capsule
crashed at over 300 kmvh (Nikishin, 1992).

The Soyuz- 1 tragedy hdted Soviet human flights for 18 months. Following a redesign, manned
flight resumed in October 1968 when Soyuz-3 rendezvoused with the unmanned Soyuz-2. In
January 1969, the Soyuz-4 and -5 crews completed the rendezvous, docking, and EVA
trandfer that had initidly been planned for April 1967.

The successes of the Soyuz-4 and -5 missons brought to fruition severd of the criticd
technologica steps required for a human lunar landing. The most important eement, however, a
booster powerful enough to launch components toward the Moon, proved troublesome
(Mishin, 1990). A month after the Soyuz-4 and -5 missons, the N-1 booster exploded 70
secondsinto its first unmanned test flight. Three more unmanned attempts to launch the N-1in
1969, 1971, and 1972 dso failed before the program was canceled in 1974.

While human Soyuz missions continued, the emphasis shifted toward using the vehicleasa
means of transporting crews to and from Earth-orbiting space stations. Soyuz-6, -7 and -8
were flown as atriple flight in October 1969, putting seven cosmonauts in space S multaneoudly.

Thefind flight of the early Soyuz series, Soyuz-9, took place in June 1970. During this 18-day
mission, hardware and techniques to be used on upcoming space stations were evauated, and



extensve biomedicd monitoring was employed to assess the specific effects of welghtlessness.
Tests included eectrocardiographic and blood pressure monitoring, tests of vison and hand grip
srength, and collection of blood and urine samples for postflight andyss. Although the
cosmonauts exercised during flight in an attempt to counteract the effects of weightlessness, they
gtill experienced orthogtatic intolerance and muscle weakness upon return and required nearly
two weeks to recover completely (Kalinichenko et al., 1970). This outcome sparked renewed
concern about the outlook for long-term human missons, prompting a vigorous search for
countermeasures to physiological deconditioning in the next phase of the Soviet space program.

Almaz and Early Salyut

Like their American counterparts, Soviet space advocates had long pressed for the
development of a pace station. Asearly as 1962, Soviet engineers proposed a space station
comprised of modules launched separately and brought together in orbit. These first-generation
gpace stations had one docking port and could not be resupplied or refueled. There were two
types of early Soviet stations. the secret Almaz military stations and a public set of Salyut
civilian gations (Launius, 1998).

The first Soviet space station program, Almaz, was approved in 1967 (Afanasiyev, 1991). It
had three parts. the Almaz military surveillance space station, Trangport Logistics Spacecraft for
delivering crew and cargo, and Proton rockets for launching both. All of these spacecraft were
built, but none was used as origindly planned. To counter American success with Apoallo,
Soviet |eaders directed that Almaz hardware be transferred to the civilian Salyut program so
that the Soviet Union could recover ameasure of internationa prestige with a spectacular public
SuCCess.

This space station weighed about 18,000 kg, and would support atwo- to three- person crew
brought to the station by a separate space vehicle. This crew would conduct research and then
use the trangport vehicle s reusable reentry capsule to return to the U.SSR. The primary goa
of the Almaz space dtation program was military reconnaissance, athough other investigations
were aso included. By 1970 the gpace station was reaedy for launch, but the transport vehicle's
development was delayed in part by the inability to human-rate the Proton rocket. During this
ddlay, the space agency decided to modify the space station and to use the Soyuz spacecraft as
acrew transport vehicle. The modified space station program was to be caled Salyut;
subsequent Almaz gtations were aso called Salyut in order to conced the existence of two

separate programs.

Salyut-1 was launched atop a Proton rocket on April 19, 1971, becoming the world' sfirgt
gpace station (Figure 1-10). Following Soyuz-10's inability to successfully dock with the
gtation, the crew of Soyuz-11 became the first crew to occupy a space station on June 6, 1971
(Vadliyev et al., 1973). During working hours of their 23-day stay, they wore “Penguin” suits
designed to counteract the effects of weightlessness on their skeletal musculature (Figure 26-9).
Planned daily exercise usng atreadmill and bungee-cord devices was curtailed because of



vibration affecting the sation’s Sructurd integrity. Hand-grip strength and on-board radiation
levels were measured. Orthodtatic tolerance was monitored using the “ Chibis” LBNP device,
Blood and urine samples were collected during flight for postflight anayss.

After their misson, the Soyuz-11 crew undocked from Salyut-1 and performed anomind
automatic reentry and landing sequence. But recovery teams arriving at the cgpsule found the
cosmonauts fill in their couches, dead. A pressure equdization vave had opened accidentaly
shortly after the orbital and descent modules separated. The crew, who were not wearing
pressure suits, died as aresult of the sudden depressurization. The Soyuz-11 accident resulted
inahiatusin Soviet human flight activity while the cause was identified and corrected; the
process took approximately one year. The redesigned Soyuz, reconfigured to carry only two
crewmembers wearing full pressure suits, was tested without a crew in June 1972.

The next three gations, including the first Almaz sation, failed to reach orbit or maintain a
habitable environment. The first successful Almaz gation, Salyut-3, was launched on June 25,
1974. Salyut-4 and Salyut-5 (also an Almaz station) followed in December 1975 and June
1976.

The biomedica aspects of Salyuts-3, -4, and -5 each built on the work of the preceding
missions. Investigations covered multiple facets of human physiology: cerebrd circulaion, heart
rate and rhythm, respiration rate, centra and peripherd hemodynamics, and vestibular function.
Countermeasures devel oped during Salyut missons, including the four-day exercise cycle and
LBNP device, are ill in use today.

Salyut-6 and Salyut-7

Extending flights beyond two months had been hampered by limitations on the amount of
consumable items and the on-orhit lifetime of the Soyuz spacecraft. These obstacles were
overcome by adding a second docking port to the station. Unmanned cargo ships could bring
food, water, oxygen, and propellant to an occupied station; other crews could aso be brought
to the gtation for crew exchanges or vigts.

With the second-generation stations, the Soviet space station program evolved from short-
duration to long-duration stays. These stations had two docking ports to permit refueling and
resupply spacecraft. A second docking port aso meant long-duration resident crews could
receive vigtors. Visting crews often included cosmonaut- researchers from Soviet block
countries or countries sympathetic to the Soviet Union. Vladimir Remek of Czechodovakia, the
first space traveler from neither the U.S. or the Soviet Union, visited Salyut-6 in 1978.

The firgt space station with two docking ports was Salyut- 6, launched on September 29, 1977,
and operationd until 1982. Five two-man crews completed flights lasting 96, 140, 175, 185,
and 75 days between 1977 and 1981. In addition, 13 crews completed shorter (two- to 13-
day) flights, athough two were aborted after docking failures. Nine cosmonauts from Soviet



block countries flew as members of the visting crews (Table 1-11). The Soviets accumulated
more than three years of flight time and five hours of EVA during the Salyut-6 program aone,
establishing new endurance records.

By the end of the Salyut-6 program, the replacement Salyut-7 station was dreedy in orhit,
having been launched on April 19, 1982 (Figure 1- 11). Similar to its predecessor but with
upgraded systems, this station was home to 10 cosmonaut crews that included six long-duration
crews, one of which set arecord 237 daysin orbit. The Soviet Union expanded its crew
sgnificantly during the operationd life of Salyut-7, inviting France and India to send their own
crewmembers (Table 1-11).

Salyut-7 included extensive EVA activity. Some of thiswas repair work: first in 1984 to fix a
ruptured propellant line and again in 1985 to restore power and attitude control to the station.
Cosmonauts on Salyut-7 aso conducted EVAsto add solar cells and test construction
techniques. In dl, more than 47 hours of EVA were completed, indluding the fird EVA by a
woman, Svetlana Saviskaya, in 1984.

As misson duration increased during the Salyut-6 and -7 programs, biomedica operations
focused on improving health monitoring techniques and countermeasures (Gurovskiy, 1986;
Anonymous, 1988). Among the severd innovations in these programs were the regular in-flight
monitoring of leg volume and body mass changes, the use of thigh-ocdusion cuffsto minimize
the effects of headward fluid shifts early in flight, muscle ectrogimulation to minimize musde
atrophy, and a new noninflatable anti-g suit worn on the legs and albdomen during reentry and
after landing to reduce orthostatic intolerance. In-flight echocardiography was first performed
on Salyut-7 with French and Soviet instruments. During the 237-day flight aboard Salyut-7in
1984, Dr. Oleg Atkov conducted numerous biomedical studies, including echocardiography
using an ingrument of hisown design. A rehabilitation program was aso established for
cosmonautts returning from long-duration flights (Krupinaet al., 1981).

Two Salyut-7 missonsincuded other events of medicd sgnificance. Thefirg involved a
crewmember who developed right lower-quadrant pain Sx monthsinto the flight (Lebedev,
1988). The condition was diagnosed remotely as ureteralithiass, although acute appendicitis
was dso conddered. His symptoms perssted for severd days and then resolved, and the flight
continued without further incident. The second event, a case of chronic prodtatitis thet Ieft the
cosmonaut unable to perform his duties, caused the return of the entire crew (Tarasov, 1985;
Goncharov, persona communicetion).

Salyut-7 was abandoned in 1986 and reentered Earth” s atmosphere over Argentinain
February 1991. The Salyut-6 and -7 programs, despite temporary setbacks, verified that
humans could live and work productively in space for up to eight months and function upon
return to Earth. The advances of these programs paved the way to a permanent human
presence in space and were immediately succeeded by the operation of the Soviet Union’sfirst
long-duration space station, Mir.



The Mir Complex

The Mir space station, launched on February 19, 1986, was designed to be the core of a
permanently occupied complex with an expected lifetime of at leest five years. Derived from
earlier Salyut stations, the Mir core module had a five-port docking compartment at the front of
the station that greatly expanded its capabilities (Figure 1-12). Another docking port at the rear
of the station was available for the docking of Soyuz, additiona space station modules, or
Progress resupply craft. Mir’s core module contained the principa crew work and rest
gations, including biomedical instrumentation, exercise equipment (treadmill and bicycle
ergometer), and hygiene facilities, as well asthe control center for the complex.

The Mir complex supported 29 crews, most of which remained onboard four to Six months,
athough the longest missions lasted over oneyear. Twenty-five internationa crewvmembers
vidted the gation on shorter flights (Table 1-11). With the exception of gpproximately four
monthsin 1989, the Mir complex has been occupied continuoudy since February 1987.
Numerous maintenance, repair, and construction tasks, as well as new-technology
demongtrations, have been carried out in more than 70 EVAs totaling over 300 hours.

The evolutionary gpproach in the development of Mir, the world'sfirst permanently inhabited
Space gation, dlowed design changes to be made within itslifetime. Its modular congtruction
permitted new eements to be attached on either atemporary or a permanent basis (Table 1-
12). In addition to equipment carried on Salyut missions, upgraded biomedica hardware on
Mir includes an echocardiograph and an automated capillary blood andyzer.

A medicaly sgnificant event took place on Mir in 1987, two monthsinto a planned 11-month
mission (Gazenko et al., 1990). The ECG of one crewmember revealed a series of premature
atriad contractions with episodes of trigeminy during a particularly stressful EVA; on a
subsequent treadmill test, the same crewmember showed pronounced tachycardiawith
numerous supraventricular extrasystoles. No symptoms were present during either episode.

Antiarrhythmic medication and reduction of the crewmember’ s work load appeared to control
the arrhythmia, and his ECGs during two subsequent EV As two months later were normal.
Two weeks later, however, the arrhythmia returned during physica exercise and was again
asymptomatic. As a precaution, the crewmember was returned to Earth during a previoudy
scheduled visting flight six monthsinto the misson. Podtflight evauations reveded no
arrhythmia, and the crewmember has been returned to flight status since.

Mir began another phase of its service life with the sgnature of a 1992 agreement between
Russa and the United States for joint space investigations (see following section). Under this
agreement, Russian cosmonauits flew on severd missions aboard the Space Shuittle (Table 1-4)
and American astronauts undertook extended stays on the Mir (Table 1-11). 1n 1994, Sergel
Krikaov became the first Russan to fly on the Space Shuttle. One year later, U.S. astronauts



began flying aboard Mir, traveling to and from the space station aboard both Russan Soyuz
gpacecraft and the American Shuttle. Also in 1995, the Space Shuttle docked with Mir for the
firg time and an ambitious program of life sciences experiments was conducted jointly by the
two space agencies (Figure 1-13). The results of many of these experiments will be discussed
in later chapters.

In the latter part of the 1990s, Russia announced plans to abandon Mir in 1999 and to focus all
of its efforts on the congruction of the ISS. The Russian government nevertheless issued a
decree on January 22, 1999; this document extended the life of the Mir space station through
2002 via private commercia funds, and no longer required the use of government funds that
once supported station operations.

The necessary funds, however, were not found. On August 27, 1999, Jean-Pierre Haignere,
Viktor Afanseyev, and Sergel Avdeyev left Mir and returned to Earth, becoming the find
cosmonauts to stay on the station. Mir had been in space for over 13 years and completed
more than 77,000 orbits. Eventudly, Mir will be edged closer to the Earth, after which it will
enter the atmosphere and splash down in the ocean.

The NASA/Mir Phase | Program

The 1993 decision to include Russia as an I SS partner presented NASA with asingular
opportunity. Russa entered the ISS partnership with a unique set of experiences and
cgpabilitiesin long-duration human space flight. Accordingly, a three-phase devel opment
process for the ISSwas initiated. Phasel of this process was designed to decrease the risks
associated with assembling, operating, and conducting research on the ISS: it conssted of a
series of Space Shuttle-Mir rendezvous flights and the long-duration stays of seven NASA
astronauts on Mir. The program aso provided for nine Russian cosmonauts to fly on the Space
Shuitle.

Phase | facilitated the later stages of 1SS development through fulfillment of four primary gods

1. Reduce the risks associated with developing and deploying the ISS;

2. Garner operational experience for NASA on long-duration orbital missors,

3. Conduct peer-reviewed, precursor scientific research in preparation for the ISS; and
4. Learn how to work in amulticultura environment.

As part of the Phase | program, the United States hel ped finance and equip the last two Mir
modules, Spektr and Priroda, with scientific instruments. These modules were launched to Mir
in 1995 and 1996, respectively. The United States dso funded the construction and delivery
(viathe Space Shuittle) of additiond solar arrays for the Russian station to supply more power
for experiments.



The successful execution of the Phase | program required precise working coordination among
abroad array of Russan and American support elements. Mir was supplied by three separate
gpace vehicles; it was equipped with both Russian and American research fadilities, including
hardware provided by other internationa partners, and supported a crew that traveled to and
from the gtation via the Space Shuttle or the Soyuz. Russan and American technicd personne
coordinated between two separate mission control centers, onein Russiaand one & the
Johnson Space Center in Houston, Texas.

The lagt of the Phase | Shuttle flights picked up Dr. Andrew Thomas in June 1998, a which
time American astronauts had spent more than 975 days on Mir. This record exceeded the
tota time spent in gpace by the Space Shuttle fleet initsfirst 17 years of operation.

U.S. adtronauts participated in severa EVAs conducted soldly from Mir (as opposed to those
conducted from the Shuttle during docked operations). Dr. Jerry Linenger wasthe first
American to use the Russian Orlon EVA auit as he deployed U.S. science equipment and
gained vauable experience with Russan EVA hardware and procedures. Dr. Michadl Fode
participated in an important space walk to assess the damage to Spektr caused by the June
1997 collision between the station and a Russian Progress vehicle. Dr. David Wolf took part
inaMir space walk to accumulate further experience with the Russan EVA suit and to conduct
U.S. research. Asaprecursor to Dr. Fod€ sEVA, joint criteria and guiddines necessary to
certify the safety of an unplanned EVA were developed. These experiences prepared the space
community to some extent for the multinationa endeavor of ontorbit 1SS assembly.

Severd chdlenging stuations on Mir during the course of Phase | operations led to a number of
hardware, software, and procedura changesfor the ISS. For example, a February 1997 fire
aboard Mir caused NASA to re-evauate I SSfire control options. Mir operations
demondtrated that a temporary shutdown of the station ventilation system could help prevent a
fire from spreading. 1SS software was subsequently modified to dlow atemporary, single-
command ventilation shutoff between modules. In addition, the incident made mission planners
more cognizant of the location of critica hardware such as medicd kits and fire extinguishers.

The depressurization of the Spektr module after a collison with aRussan Progress vehidein
June 1997 validated U.S. craft design (which lacked cables running though open hatches) and
demondtrated the importance of maintaining clear dation passageways. In the incident, Mir
crew members had to rush to disconnect cables that connected the leaking Spektr module to
the rest of the gtation before they could close the hatch; Spektr’ s depressurization led to the
redesign of some critica Russian ISS components. The experience aso emphasized the need
for astronauts to have portable life- support sensors capable of monitoring total pressure, oxygen
content, and Smilar parameters in the spacecraft environment.

Researchers have aso found that some corrosion on theinsde of Mir resulted from otherwise
benign contact between two dissmilar metas. When humidity levelson Mir are high, different



metals can react corrosively a their points of contact. Protective coatings have been added to
some |SS cooling lines to prevent smilar problems on the internationa station.

The Phase | science program provided the international scientific community accessto a
research environment smilar in many ways to the ones that will be found on the ISS.
Researchers used the Mir opportunity to familiarize themsdaves with operationa protocols and
techniques, to test equipment, and to conduct experiments as precursors to | SS research.
Many of the American researchers had flown experiments on the Shuttle and on Spacelab
missons. Often, their goa wasto conduct experiments on Mir amilar to thair previous Shuttle
work, in order to identify the differences in results between short-duration and long-duration
gpace flight, and to complement their ongoing ground-based work. In addition, Phase | gave
scientists a*“hands-on” preview of day-to-day scientific operations in along-duration, orbiting
research facility. About 150 peer-reviewed investigations, panning awide variety of research
disciplines and experimenta programs, were conducted aboard Mir as part of the Phase |
research program. A NASA srategic planning group coordinated both the Space Shuttle and
Mir research elements for the Phase | program.

Of particular note are Phase | science results that indicated that NASA’s mode for the trapped
radiation environment around Earth underestimated the radiation exposure risk to astronauts
during periods of high solar activity and overestimated the levels during periods of low solar
activity. NASA used the Phase | measurements, together with Shuttle data, to develop
corrections to the exigting radiation modd, improving the average accuracy of radiaion hedth
risk predictions. Data dso indicated that the South Atlantic Anomaly, aportion of the Van
Allen radiation belts that dips down into the Southern Hemisphere, has shifted since last
measured during the Skylab program. NASA subsequently worked to improve planning and
scheduling practices to minimize astronaut radiation exposure during extravehicular activities
around the ISS.

Russan Contributions to the ISS Program

Russa s Zarya (“Sunrisg’ in English) control module was the firgt ISS component to be placed
inorbit. Launched on a Russian Proton rocket in November 1998, Zarya provided propulsion,
communications, and power for the atached Unity module until the launch of the second
Russian eement, the Zvezda service module, in late 1999. The service module, Smilar in design
and layout to the core module of Mir, will provide early crew living quarters, life support and
data processing equipment, flight control, communications technologies, and propulsion systems
and isintended to later replace or enhance many of Zarya’'sfunctions. Eventudly, Zarya will
be used primarily for its storage capacity, while the service module will remain the functiona
center of the Russan segment of the ISS.

Along with the early modules, origind plansfor the ISS cal for Russiato supply severd other
elements. Two research modules and a science power platform make up part of Russa's



contribution to 1SS research. In addition, Russiais aso scheduled to provide logistics transport
vehicles, aswdl as Soyuz spacecraft for crew return and transfer.

THE PRACTICE OF SPACE MEDICINE TODAY

Space medicine researchers continue to address issues concerning physiological adaptationsto
the space environment (both short- and long-term) and the development of effective, reliable
countermeasures againg these adaptations. Bone and muscle loss, neurovestibular dysfunction,
cardiovascular deconditioning, and changes in to the immune, metabolic, and endocrine systems
have long been noted as dements of the human body’ s response to microgravity. Although
countermeasures that include controlled diets and a varied exercise program have been in place
for years on both American and Soviet/Russian missons, current methods are not sufficient to
maintain pre-flight leves of hedlth throughout an extended misson. Today, researchers world-
wide are working to develop the knowledge base, technology, and procedures necessary to
sugtain long-duration missons to low- Earth orbit and beyond.

NASA and Nationd Indtitutes of Hedlth (NIH) workshops have indicated thet there are
paralds between aging on Earth and some of the accelerated physiological changes observed in
gpaceflight (see Tables 1-3 and 1-5 and the following chapters). Some of the changesto the
neurosensory, heuromotor, musculoskeetal, and cardiovascular systems seem to be reversible
even after long-duration missions. Others, such asfull recovery of lost bone mass and strength
following return to Earth, require vaidation. Yet in arecent review of sdect parameters
asociated with aging in adronauts, we have observed an incongstency in minima oxygen
consumption with exercise (VO,) despite continued engagement in regular physiologica
activities (Nicogossan et d. 1999). In addition, arecent discovery that gravity can up- or
down-regulate certain gene expressions has changed the way we view spaceflight responsesin
physiology.

These findings are important indicators that long-term residence in alow-gravity environment
can have profound physiologica, psychologicd, and potentialy aging effects, which will certainly
need to be addressed in a systematic fashion. The findings aso shed some light on why
traditiona countermeasures have proven insufficient to prevent physiologica decrementsin
space.

The last four decades of space exploration—from Projects Mercury and Vostok to the Space
Shuttle and Mir— have defined multiple requirements for space medicine that must be met in
order to ensure safe, long-duration missons

1. Medicd practitioners must be able to treat crew members for awide range of illness, injury,
or psychosocia matters and return the crew members to effective duty;

2. Medicd practitioners must maximize the chance of misson completion and successful
ective return, while minimizing the impact of a crew member’sillness or injury to other
crew members;



3. Medicd practitioners and misson planners must provide for the stabilization and timely
evacudion of asck crewmember to a definitive care facility without jeopardizing the safety
of the remaning crew; and

4. Mission planners and engineers mugt provide for timely consultation via telemedicine.

Criteria by which these requirements may be measured for effectiveness include an astronaut’s
ability to function as a productive member of the flight crew and perform assigned duties, the
ability to maintain adequate orthodtatic tolerance during de-orbit and landing, and the ability to
execute rgpid and unaided egress from the spacecraft.

In addition to the physiologica changes, previous human space flight has defined occupationd
issues in space medicine. Theseissuesinclude:
selection of space flight personndl
medicd traning
life support
extravehicular activity
postflight rehabilitation and therapy
radiation protection
habitability of the spacecraft environment
human factors consderations
psychology and group dynamics

Current in-flight medica capabilities meet some of these requirements. On the Space Shuittle,
for ingtance, amedicd kit is flown on each flight, and at least one crewmember istrained to
deliver basic medica care in the event of an emergency. Facilities on the ISSwill include the
Crew Hedth Care System (CHeCS), a multipurpose medica station for health maintenance,
countermeasures, and environmental monitoring, and the use of the Crew Return Vehicleasan
“ambulance’ or “lifeboat” if needed.

Exploration-class missons beyond low- Earth orbit and into the remoteness of interplanetary
gpace, however, will necessitate a unique set of requirements for hedth care syssems. This
equipment must be compact, lightweight, portable, user-friendly, autonomous, and minimaly
invasve. Space medicine practitioners have severd areasin which to investigate potentia hedlth
care olutions. Select applications of molecular biology and artifical gravity, for instance, may
serve astoolsfor dinica practice in space, but have yet to be fully evdluated. Medicdl
informatics gpplications, on the other hand, are dready in use and are another valuable
ingrument for space-based hedlth care.

Medicd informaticsis the integration of telecommunications, information, humar machine
interfaces, and biologicaly-inspired technologies to enhance the delivery of hedth careto and in
remote locations. The gpplications of medica informatics technology are widespread and not
limited solely to hedth care, and they include: remote monitoring (of systems and environments);
remote education and training; and observation, data collection, and operation of instruments



from aremote location. Whether applied on Earth or during space flight, medica informatics
technology will improve hedth care and qudity of life.

Many of these technologies dready exist. Today, medica informatics technology is used for
telemedicine, telescience, telehedlth, and teleducation. From this beginning, medicd informétics
designers are focusing on severd trends that will further aid in the practice of gpace medicine on
long-duration missons:

" Haptic " Smart” Systems—cybersurgery, microsurgica probes, and tissue engineering;

®  Miniaturized Technology—x-ray, ultrasound, and MRI;

" Virtual Reality—improvement of surgica skills, testing of new techniques and immersive
robotic surgery, preplanning for surgery;

" Portable Equipment—"smart” t-shirts and suits that relay information about the wearer to
monitoring equipment, biochemica probes, innovative displays like the “ heads-up” display
that dlow amaximum of monitoring with a minimum of space and intruson; and

® Biologically-Inspired Technologies—artificid trunks, tentacles, and whiskers; adaptive
automation, multipurpose tactile interfaces, and cognitive prostheses, artificid spider as
drag-line lk; functiondly-adaptive biomimetics, wireless biosensors.

The practice of medicine in spaceflight continuesto evolve. Thefirgt four decades of human
gpace flight have demondtrated the physiologica changes experienced in microgravity and the
occupationd and dlinica issues. In the coming years, new chalenges requiring unique solutions
are expected (increased flights, extended stays, and more varied crew populations) asthe
human presence in space becomes more complex.  In the future, biomedica research will alow
humans to safdy and successfully complete long-duration exploratory missons, with the primary
objectives of both sttling the solar system and acquiring full culturd, socid, and medica
autonomy or smply exploring and returning to Earth.
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